Introduction
Soil nutrients can have favorable effects on soil physical, chemical, and biological properties, and nutrient concentrations are good indicators of soil quality and productivity [1, 2] . In most plant growth conditions, soil nutrients show high spatial heterogeneity [3, 4] , which is a result of factors, including parent material, topography, vegetation, climate, and biological conditions [5, 6, 7] . Land use changes and agriculture also strongly influence soil nutrient concentrations [8, 9] . Heterogeneity of soil nutrients can affect plant distribution, and plants influence nutrient availability and distribution by influencing the physical, chemical, and biological properties of soils [10, 11] . Therefore, a better understanding of the sources of spatial variability in soil nutrients is important for agricultural and soil management practices.
The karst region covers 5.5 × 10 5 km 2 in Southwest China and is considered fragile because of its unique geological setting, low environmental carrying capacity, and low tolerance of disturbance [12] . During recent years, forests have degenerated to various degrees into mixed communities at different successional stages as a result of a fast-growing population and intensive soil utilization [13] . In this region, the walnut J. regia, a popular food worldwide, has been planted since the 1950s, and the plantation area has increased dramatically since 2000 with the implementation of China ' s Grain-to-Green Program [14] . J. regia plantations in this region cover more than 1.5 × 10 6 ha, and experimental field and nursery trials have been conducted in these plantations [15] . Soil nutrient and moisture status are controlling factors in the establishment of J. regia plantations and affect the structure, function, and succession of the karst ecosystem [14] . Some researchers have reported on the spatial heterogeneity of soil nutrients and moisture in natural forests in degraded karst areas [16, 17] , but the relationship between environmental factors and soil nutrient distributions in J. regia plantations remains unclear.
In this study, we investigated the spatial variability of soil nutrients in different-aged J. regia plantations in depressions between karst hills in Fengshan County, China and assessed correlations between nutrients and environmental factors. We determined the characteristics and spatial variability of soil nutrients using classical statistics and geostatistical methods, and we then analyzed the relationships between soil nutrients and plantation age and topography. This study will be favor for understanding the spatial variability of soil nutrients in plantation forest and improvement of soil nutrients management in the karst region.
Material and methods
Study sites. The study area was located in Fengshan County (24°15′-24°49′N; 106°40′-107°2′E) of northwestern Guangxi Province, Southwest China (Figure 1 ). The plantation area of J. regia in this county was approximately 12,000 ha in 2014. Sustainable forest management practices including road construction, tending, and the creation of study plots for research and training have been conducted in the experimental forest since 2002. For this study, three stands of different ages (2, 10, and 33 years) were selected in the experimental forest (Table 1 ). Field sampling and measurements. Three 40 m × 50 m plots were established for all three stands in a regular slope-depression continuum in October 2014. The plots were established following the standard of the Center for Tropical Forest Science [18, 19] , and were divided into ten 10 m × 10 m quadrats. Tree density, tree height (H), and tree diameter at breast height (DBH) were recorded in each plot. We used a J. regia growth model developed specifically for southwestern China to estimate tree biomass, which included the biomass of roots, stems, branches, and branchlets [15] . Three 2 m × 2 m microplots were established within each stand to evaluate understory vegetation. Shrubs and herbs, including roots, were harvested from each microplot.
Eight soil subsamples in each quadrat were collected to a depth of 15 cm along an S-shaped transect using a soil corer (5 cm diameter). The subsamples were pooled into one composite sample per 10 m × 10 m quadrat, and the composite samples were air dried and passed through a 2-mm sieve to remove gravel and roots. Soil pH and nutrient contents, including soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), and available potassium (AK) were analyzed in the laboratory according to Bao (2000) . Three replicates were analyzed and averaged for each of the analyses to improve the precision of the measurement.
The following topographical features were measured in each quadrat: elevation (Ele), slope aspect (Asp), slope position (Pos), slope angle (Slope), and soil depth (Sp). Elevation was determined using a Garmin GPSmap 60CSX device (Garmin Ltd., Olathe, KS); Asp was determined using an electronic tachometer (NTS-302R: SOUTH Ltd., Guangzhou, China); and Slope was calculated as the mean angular deviation from horizontal of each of the four triangular planes formed by connecting three quadrat corners. Asp, Pos, and Sp were converted to quantitative data following the methods described by [20] .
Data analysis. Descriptive statistical analyses and correlation analyses for soil nutrients were performed using SPSS 13.0 for windows (SPSS Inc., Chicago. IL). The mean, standard error (SE), coefficient of variation (CV), and minimum and maximum values were determined for soil nutrient contents. Normality of data was assessed using the Kolmogorov-Smirnov test before geostatistical analysis, and the geostatistical analysis was carried out with GS+ 9.0 [16] . The experimental semivariograms and fitted models were selected according to Refs [11, 13] . In these semivariograms, the nugget effect (C 0 ) represents the undetectable experimental error and field variation within the minimum sampling space, and the sill (C 0 + C) represents the total spatial variation. The ratio of nugget variance to sill (C 0 /C 0 + C) can be regarded as a criterion for classifying the spatial dependence of soil nutrients. If the ratio is below 0.25, the variable has strong spatial dependence; if the ratio is between 0.25 and 0.75, the variable has moderate spatial dependence; otherwise, the variable has weak spatial dependence. Maps of the spatial distribution of soil nutrients were produced using ArcGIS 9.3 for ordinary Kriging interpolation [15] .
Results and Discussion
The statistical parameters of soil nutrient contents in J. regia plantations are presented in Table 2 . Most soil nutrients showed moderate variability, and soil pH had the lowest CV among the chemical characteristics examined. Soil pH differed significantly according to stand age. The contents of soil SOM, TN, AP, and AK in 33-year-old plantations were significantly greater than those in the 2-and 10-year-old plantations. The Kolmogorov-Smirnov test showed that all soil nutrient data were normally distributed ( Table 2) . Semivariograms of the soil nutrients fit well to Gaussian, spherical, and exponential models. The coefficients of determination (R 2 ) for all variables were greater than 0.417 (Table 3) , which suggested that the models accurately reflected the spatial characteristics of soil nutrients. All semivariogram models showed strong spatial dependence for most nutrients (C 0 /C 0 + C < 0.25). There was moderate spatial dependence for TK, AN, and AK in 2-year-old plantations; for pH, AP, and AK in 10-year-old plantations; and for AP in 33-year-old plantations (0.25 < C 0 /C 0 + C < 0.75). Strong spatial autocorrelation of soil chemical characteristics suggested that structural factors (e.g., topography, parent material, and climate) rather than random factors contribute to this spatial variability [13, 20] . Moderate spatial autocorrelation of some nutrients suggested the influence of both structural and random factors [15] . In addition, Kriging interpolation reflected the spatial patterns of nutrients in soil (Figures 2-4) , and the patterns differed for each stand age. Table 4 shows the correlations between soil nutrient contents, topographic factors, and habitat characteristics in the karst depression. There were significant positive correlations between soil pH and elevation, and significant negative correlations between soil pH and slope aspect, slope location, and bare-rock ratio. TN, TP, and AK had significant negative correlations with elevation. TP and AK had significant negative correlations with slope and were positively correlated with slope aspect. SOM, TN, TP, and AP were significantly and positively correlated with slope location, and AP was significantly and negatively correlated with slope aspect. TN had a significant negative correlation with bare-rock ratio, while TP, AN, and AK had significant positive correlations with bare rock.
Topography, an important soil formation factor, can affect local climate via the distribution of solar radiation and precipitation and affects soil depth and nutrient content [17, 21, 22] . Previous studies showed that TP, TK, AP, and pH decrease with increasing elevation and decreasing cover of bare rock and that SOM increases with increasing elevation, which indicated that the spatial distribution and variability of soil nutrients was mainly affected by topographic factors and habitat characteristics [16] . Here, our results also showed that the spatial distribution of soil nutrients was closely related to topography. Some of our findings were not consistent with those of previous studies, which suggests that the relationship between soil nutrients and topographic factors is complicated in karst areas. Moreover, the role of vegetation, microorganisms, climate, and other factors influence the distribution of soil nutrients in karst area should be considered in further research.
Conclusions
(1) In depressions between karst hills, most soil nutrients have moderate variability, and coefficients of variation values in the eight soil chemistry characteristics were different in three stand ages. All soil nutrients are a normal distribution and can be fitted well as the gaussian, spherical, and exponential models. Soil nutrients showed strong spatial dependence in J. regia plantations that varied in age from 2 to 33 years.
(2) The patterns of nutrient distribution differed among the stands and were mainly affected by and topography and habitat characteristics in the karst region of Southwest China
